Unrepaired or misrepaired radiation damage in mammalian chromosomes can result in micronucleus formation at the first cell division. This represents loss of genomic information which may cause cell death. To improve our understanding of the mechanism of radiation-induced micronucleus formation, we characterized micronucleus ultrastructure and identified the origin of micronucleus DNA. Immunofluorescence microscopy showed that micronuclei were structurally similar to main nuclei since they contained nuclear lamins A and C and were encapsulated by a network of vimentin intermediate filaments. The contents of radiation-induced micronuclei were characterized using fluorescence in situ hybridization to probe for DNA originating from chromosomes 2, 7, 11 and 16. We postulated that if incorporation of DNA into micronuclei were random, then the probability of chromosomal DNA in micronuclei would be related to the target, i.e. chromosome size. Our results demonstrated that incorporation of DNA from smaller chromosomes (11 and 16) was not different from expected values but incorporation of DNA from the larger chromosomes (2 and 7) was significantly greater than expected. Not all chromosomes in the human genome, therefore, were equally susceptible to genomic loss by micronucleus encapsulation. In conclusion, radiationinduced micronuclei have similar structural characteristics to main nuclei, chromosome damage and/or repair after ionizing radiation may be non-random, and micronucleus formation may reflect this variability.
Introduction
Analysis of chromosome aberrations is the preferred method used in biological dosimetry. Chromosome aberration dosimetry has been practised for over 25 years (Littlefield and Lushbaugh, 1990; Lloyd 1990 ), but it is time consuming and requires considerable expertise. An alternative method which is faster and simpler is the micronucleus assay (Hall and Wells, 1988; Heddle et al, 1991; Fenech, 1993) . The occurrence of micronuclei has been used as an indicator of the clastogenic (DNA damaging) effects of both chemical and physical agents (Wakata and Sasaki, 1987; Odagiri et al, 1990) .
Micronuclei are small round bodies found in the cytoplasm outside the main nucleus. Structurally, micronuclei appear to be similar to the main nucleus as they are encapsulated by a nuclear envelope with nuclear pores (Schiffmann and De Boni, 1991) . Since micronuclei contain DNA, they may represent a detrimental change of genetic information to the cell.
Micronuclei can arise from acentric fragments that fail, because of a lack of a kinetochore, to be incorporated into the daughter nuclei during cell division (Heddle and Carrano, 1977; Almassy et al, 1987; Littlefield et al, 1989) . They can also originate from whole chromosomes that lag at mitosis due to a damaged kinetochore or faulty spindle apparatus (Almassy et al, 1987; Degrassi and Tanzarella, 1988; Eastmond and Tucker, 1989; Fenech and Morley, 1989) , or by complex chromosomal rearrangements which encounter mechanical difficulties during anaphase (Hall and Wells, 1988) . Thus, the formation of micronuclei can be induced by both spindle inhibitors such as colchicine (Fenech and Morley, 1989 ) and clastogens such as ionizing radiation (Evans et al, 1959; Heddle and Carrano, 1977; Krepinsky and Heddle, 1983; Littlefield et al, 1989) . The extent to which radiation-induced micronuclei arise from acentric chromosome fragments has been investigated using antikinetochore antibodies and/or centromere-specific DNA probes, and virtually all radiation-induced micronuclei (~85-100%) arise from acentric fragments and not whole chromosome loss (Nusse et al, 1987; Thomson and Perry, 1988; Fenech and Morley, 1989; Odagiri et al, 1990; Cornforth and Goodwin, 1991; Miller et al, 1992; Vral et al, 1995) .
The mechanism of radiation-induced micronucleus formation is not well understood. We were interested to learn more about the structures and processes that influence the formation of radiation-induced micronuclei to better understand the events that cause chromosome aberrations and ultimately the formation of cancer. We questioned whether aberrant chromosomes were found within micronuclei at a frequency proportional to the size of the chromosome. Others are also interested in characterizing the contents of micronuclei with respect to the origin of the DNA they contain (Nusse et al, 1995; Wuttke et al, 1995) . If chromosome aberrations were formed randomly, then DNA inside micronuclei may originate from chromosomes at a frequency proportional to the size of the chromosome relative to the entire genome. There is conflicting evidence in the literature to indicate that certain chromosomes may be more prone to radiation damage and consequently involved in more chromosome aberrations than expected (reviewed in Kovacs et al, 1994 ). We have also tested this postulate by examining the origin of DNA within radiation-induced micronuclei using fluorescence in situ hybridization (FISH) techniques to probe inside micronuclei.
To understand further the mechanism of micronucleus formation and the processes involved in nucleus assembly and structure, we also investigated whether the ultrastructure of radiation-induced micronuclei was similar regardless of their DNA content We examined micronuclei with respect to structures associated with main nuclei, namely nuclear lamins and vimentin. Lamins are nuclear matrix structural elements found within nuclei and are believed to surround the inner periphery of the nucleus (Willingale-Theune et al, 1989) . Vimentin is a cytoskeletal intermediate filament found in the cytoplasm and encapsulates the nucleus (Willingale-Theune et al, 1989) . We examined radiation-induced micronuclei, which contained DNA from damaged chromosomes, for the presence and location of these nuclear associated structures.
This work provides information concerning the structures associated with micronucleus formation, and whether the micronucleus assay can be used to measure individual chromosome susceptibility to radiation-induced damage and/or repair processes.
Materials and methods

Cell line and culture conditions
Human diploid skin fibroblasts (AGI522, passage 9) were obtained from the NIA Cell Repository. Cells were maintained in D-MEM/F-12 medium (Gibco, NY) supplemented with 15% fetal bovine serum, 2 mM glutamine and 25 Hg/ml gentamycin sulfate (Gibco) and incubated at 37°C in a humidified atmosphere of 5% CO2 and 95% air. AG1522 is a stable cell line that was derived from a normal diploid male. We examined 864 consecutive metaphase spreads in untreated cells and they appeared normal. All metaphase spreads had 46 chromosomes and using a three-color chromosome paint (chromosomes 1, 2 and 4) no chromosome aberrations were detected.
The spontaneous and radiation-induced micronucleus frequencies were also determined. Cells were plated into chambered slides (Gibco), grown for 2 days to mid-exponential growth phase and exposed to "to y irradiation (dose rate 0.02 Gy/s) either at 0 or 37°C. After irradiations, cell cultures were incubated with cytochalasin B (final concentration I 0 Jlg/ml) (Sigma, MO) for 48 h. Cytochalasin B was used to prevent polymerization of contractile nng actin filaments in a dividing cell and caused the formation of binucleate cells for standardized scoring of micronuclei (Fenech, 1993) At the end of 48 h cells were washed twice with phosphate-buffered saline (PBS) and subjected to a hypotonic treatment (1% sodium citrate for 5 min at 22°C). The cells were then fixed by addition of an equal volume of methanolacetic acid 3:1 (vol/ vol). Following a second fixation with 3:1 methanol:acetic acid, the slides were air-dried. Slides were stained with acndine orange and scored under fluorescence (450-490 nm excitation, 515-565 nm emission) The criteria for identifying binucleate cells and micronuclei are listed in Fenech (1993) .
At the time of "to y-irradiation (48 h after seeding), cell cycle distribution was 52.9 ± 1.1% Grj/G,, 33.5 ± 2.0% S and 13 7 ± 1.1% Gj/M as determined by flow cytometric analysis. The percentage of cells in S phase of the cell cycle as determined by [ 3 H]thymidine incorporation was 35.8 ± 1.5%, which agreed with the flow cytometric cell cycle analysis.
Immunofluorescence of micronucleus ultrastructure
Exponentially growing cells attached in tissue culture flasks were washed twice with PBS, trypsinized (0.25% trypsin) for 1 min at 37°C and held in suspension at 0°C in growth medium. Cells in suspension at 0°C were exposed to 2.0 Gy 60 Co "^irradiation (Atomic Energy of Canada Limited Gamma Cell 200, dose rate 0.02 Gy/s). Cells (1.5X10 4 cells in 2 ml medium) were incubated in chambered slides for 72 h. Slides were then washed in PBS and assayed for nuclear lamins (A and C) or vimentin as previously described with minor modifications (Knox et al., 1993) . Antibodies for lamins and vimentin were gifts from Drs M.Paulin-Levasseur and D.Brown (University of Ottawa) respectively Briefly, slides were fixed in 3% paraformaldehyde in PBS (pH 7.0), washed in NaBR,, permeabihzed in 0.2% Tnton X-100 and blocked with 0.15% gelatin. Cells were dual labelled for lamins and vimentin. Mouse anti-lamin antibodies were then detected with rabbit anti-mouse antibodies conjugated to rhodamine. Goat anti-vimentin antibodies were detected with rabbit anti-goat antibodies conjugated to fluorescein isothiocyanate (FTTC). The slides were counterstained with Hoescht 33258 and mounted with glycerol-PBS-phenylene diamine antifade FISH analysis of micronuclei Exponentially growing cultures were seeded into 25 cm 2 flasks (CORNING. NY) (1.5X10 5 cells per flask) and incubated for 2 days prior to irradiation with 4.0 Gy "to •f-irradiation at 0°C. Cell cultures were incubated with cytochalasin B (1.0 (lg/ml) for 48 h after irradiation. Following incubation, cells were detached with 0.25% trypsin (1 min at 37°C) and harvested using 1% sodium citrate hypotonic solution (5 min at 22°C) followed by a fixation in 5% acetic acid and a second fixation in methanol:acetic acid 3:1 (vol/vol) Cell suspension was dropped onto microscope slides and the slides were prepared for FISH using chromosome-specific paints for chromosomes 2, 7. II and 16 according to the manufacturer's instructions (ONCOR. WA) Briefly, biotinylated chromosome paints were hybridized to microscope slide preparations of fixed nuclei and detected with avidin conjugated with FTTC Slides were counterstained with propidium iodide (PI) and viewed with an epifluorescent microscope (Zeiss Axiophot). Micronuclei were initially identified using PI fluorescence (546 nm excitation. 590 nm emission) and then assessed for content using FITC fluorescence (450-490 nm excitation, 515-565 nm emission).
Data and statistics
Mean values represent data from a minimum of three independent experiments. Data were analyzed using the Student's /-test. The Smith-Satterthwaite test was also used to assess the significance of the observed frequencies for chromosome content of radiation-induced micronuclei because this test takes into account differences between variances in the values reported in the literature and observed values (Winer, 1971) . The P values quoted represent the lowest probability derived from these two tests.
Results
Irradiation conditions
Irradiation of cells at 0°C did not significantly alter the frequency of spontaneous or radiation-induced micronucleus formation compared with exposures carried out at 37°C (P < 0.05). The spontaneous micronucleus frequencies were 0.043 ± 0.009 and 0.045 ± 0.009 for cells irradiated at 37 and 0°C respectively, which were within the range expected. After 4.0 Gy ^o "/-irradiation, the frequency of radiation-induced micronuclei was 0.86 ± 0.068 and 0.80 ± 0.027 when cells were irradiated at 37 and 0°C respectively.
Ultrastructure of radiation-induced micronuclei
Intermediate filaments of vimentin were seen as a network of fibers distributed throughout the cytoplasm but not the nucleus. The vimentin filaments encapsulated the nucleus and were visualized as a caged network surrounding the nucleus. By focusing through the nuclei and micronuclei, it was apparent that the network of vimentin filaments was confined to the cytoplasm and formed cages around both the nuclei and micronuclei. All radiation-induced micronuclei examined were surrounded by a cytoskeletal network of intermediate filaments (vimentin) (Figure 1 ). Nuclear lamins (A and C) appeared as diffusely staining structures throughout the nucleus and were not seen in the cytoplasm. With one exception all radiationinduced micronuclei scored (n = 300) contained nuclear lamins A and C (Figure 1) .
DNA content of radiation-induced micronuclei
For each chromosome specific paint, 100 consecutive metaphase spreads from unirradiated control cultures were evaluated to determine the detection efficiency and specificity. The specificity and efficiency of all four paints was 100% and the background signal was negligible. In general, a micronucleus either completely contained chromosome specific paint or not (Figure 2) . Partial painting of a micronucleus was rare, but occasionally only part of the micronucleus contained specific probe signal, probably indicating the inclusion of other chromosomal DNA.
The relative amount of cellular DNA from each chromosome has been measured by several investigators using a variety of techniques. Table I summarizes the results derived from a selection of studies and gives the mean and standard deviation for the amount of DNA from each chromosome. Our results demonstrated that the percentage of radiation-induced micronuclei containing DNA from chromosomes 11 and 16 was 5.2 ± 1.7 and 3.1 ± 0.2% respectively (Table II) . These values were not significantly different from the percentages expected, based on the values given in Table I . Chromosomes 2 and 7, however, were incorporated into radiation-induced micronuclei more frequently than expected {P < 0.05) (Table IT) . 
Discussion
A consequence of radiation-induced DNA damage is the formation of micronuclei, which appear similar to main nuclei but are smaller and have a reduced DNA content (Schiffmann and De Boni, 1991) . In the work presented here, we have demonstrated that radiation-induced micronuclei also contain nuclear lamins A and C and are encapsulated by the intermediate filament vimentin. Lamins and vimentin are structural components associated with main cell nuclei. Since the DNA contained within radiation-induced micronuclei presumably originates from all chromosomes, the assembly of these structural components around damaged DNA to form micronuclei may be initiated by a common signal, such as DNA in general, or DNA sequence(s) common to all chromosomes. We considered the possibility that telomeric DNA may be one common sequence necessary for micronucleus formation since telomeres are associated with the nuclear envelope (de Lange, 1992; Rawlins et al, 1991; Walker et al, 1991) . We examined micronuclei for the presence of telomere signal and found that 60.9 ± 5.5% were telomere positive (data not shown). Our telomere probe, however, was only 82.6 ± 6.2% efficient for the detection of telomeres. Therefore, we cannot reject the possibility that telomeres may be one common element required for micronucleus formation. Because micronucleus structure was similar to main nucleus structure, it is also possible that micronuclei may also be functionally similar to main nuclei with respect to cellular processes such as gene expression. DNA contained within micronuclei therefore may not necessarily represent an immediate loss of genetic information, but this information could be lost at a subsequent cell division.
The DNA contained within a radiation-induced micronucleus is generally believed to originate from damaged or aberrant chromosomes. With regard to the cell line used in this study (AG1522), Cornforth and Goodwin (1991) found that after exposure of cells to 6.0 Gy ^Co y-irradiation ~92% of the radiation-induced micronuclei were kinetochore-negative, indicating the inclusion of acentric fragments and not whole chromosomes. These authors suggested, as do others, that the kinetochore-positive micronuclei may have originated from radiation-induced dicentric formation and anaphase bridging, and radiation-induced alteration of the centromere/kinetochore assembly. More recently, Vral et al (1995) have shown that the majority of centromere-positive micronuclei in the irradiated cells were micronuclei which would otherwise arise spontaneously. The authors examined micronuclei for centromere content after a series of doses and found that the incremental increase in micronuclei at each dose was due to an increase in centromere-negative micronuclei only. Therefore we postulated that since deposition of energy along the DNA molecule was random, then damage to an individual chromosome would be proportional to that chromosome's size relative to the whole genome. We have shown here that DNA in micronuclei derived from chromosomes 11 and 16 was observed as expected, at a frequency proportional to the chromosome size relative to the whole genome (Tables I and  II) . However, damaged DNA from chromosomes 2 and 7 was incorporated into radiation-induced micronuclei more frequently than expected (Tables I and II) .
There is cytological evidence to indicate that chromosomal aberrations resulting from DNA damage and repair processes are not distributed randomly throughout the genome as expected based on chromosome size. Paravatou-Petsota et al. (1985) and Hoffschir et al. (1988) conducted a series of studies on lymphocytes from different species of primates and showed a tendency for an excess of breaks in the medium-sized chromosomes and fewer than expected breaks in larger and smaller chromosomes. In human fibroblasts, Pandita et al. (1994) observed that the number of breaks per unit DNA, as measured by premature chromosome condensation, increased as the size of the chromosome increased, although the number of exchanges remained constant. In a similar study (Kovacs et al, 1994) no apparent increase was observed in the number of breaks per unit length DNA as the size of the chromosomes increased. Instead, Kovacs et al. (1994) found that DNA damage measured ~1 and 24 h after irradiation (by PCC and metaphase spread analysis respectively) was randomly distributed throughout the genome and these results led the authors to conclude that the total number of chromosome breaks in human cells could be estimated from a single pair of homologous chromosomes. Kovacs et al. (1994) also reviewed the frequency of radiation-induced chromosome The mean relative DNA content of chromosomes 2, 7, II and 16 was taken from Table I . * These results were significantly different from the expected numbers (P < 0 05) aberrations for individual chromosomes and showed that the results were conflicting. In some studies particular chromosomes were overrepresented (or underrepresented) while in other studies the same chromosomes were involved in the expected number of chromosome aberrations. Nevertheless, the work presented here demonstrates that there is non-random and non-uniform incorporation of DNA into micronuclei even though the deposition of energy along the DNA molecule with low-LET y-rays was presumably random and uniform. There is evidence to suggest that telomeric sequences are sites of excess radiation-induced DNA damage. An increased number of X-ray-induced DNA breaks in telomeric region of chromosomes has been reported (Buckton, 1976; Barrios et al, 1989) . Hastie and Allshire (1989) speculated that interstitial telomere sequences were prone to breakage, and more recently Alvarez et al. (1993) observed that telomeric sequences located interstitially as well as terminally are 4.3-8.3 times more prone to aberration formation. One interstitial telomeric site in human chromosomes has been mapped to chromosome 2 (Ijdo et al, 1991) . Chromosome 2 is thought to be a telomeric fusion of two ancestral chromosomes (Ijdo et al, 1991) . Consequently, this site may be prone to breakage and could explain the excess number of micronuclei containing fragments from chromosome 2 observed in our experiments.
It is well established that there is heterogeneity in the repair of lesions along the DNA molecule (Keyse and Tyrell, 1987; Sapora et al, 1991; Larminat et al, 1993; Cooper, 1994) . Ionizing radiation-induced lesions in actively transcribed regions of the genome are repaired preferentially over nontranscribed regions (Cooper, 1994) . Thus the level of gene activity and repair at the level of the chromosome are critical factors that may influence the formation of chromosome aberrations and micronuclei. One example of heterogeneity along a chromosome is a class of DNA termed H3 isochore DNA. It has been reported that the highest concentration of genes is contained in H3 isochore DNA which differs from other DNA isochores in nucleotide content, chromatin structure and function (Bemardi et al, 1985; Perrin and Bemardi, 1987; Aissana and Bemardi, 1991; Mouchiroud et al., 1991; Saccone et al, 1992) . H3 isochore DNA also has the highest transcriptional and recombinational activities. Since transcriptionally active DNA is repaired faster than inactive DNA, H3 isochore DNA may be resistant to radiation-induced chromosome aberration and micronucleus formation. In this study chromosomes 2 and 7 had fewer H3 regions per unit length of DNA than chromosomes 11 and 16 (Saccone et al, 1992) . Since chromosomes 2 and 7 were found to be incorporated into micronuclei at a higher than expected frequency and also have fewer H3 isochore regions, there is a possibility that the lack of H3 isochore DNA (reduced gene activity, reduced repair) makes chromosomes more susceptible to radiation-induced micronucleus formation.
In conclusion, we have found that radiation-induced micronuclei contain nuclear lamins A and C and are encapsulated by vimentin, which are ultrastructures also found in association with main nuclei. Since micronuclei contain DNA from a variety of chromosomes, the assembly of a nucleus and associated ultrastructures may be influenced by a common DNA signal sequence or any sequence of DNA. Under our experimental conditions, using the micronucleus assay in combination with FISH, it appears that some chromosomes are more susceptible to ionizing radiation-induced damage and are found more frequently than expected in micronuclei. Repair mechanisms likely influence these processes and therefore micronucleus formation may represent a specific class of damage and not overall damage to the cell.
